The fundamental physics of the magnetic field distribution in a plasma implosion with a preembedded magnetic field is investigated within a gas-puff Z pinch. Time and space resolved spectroscopy of the polarized Zeeman effect, applied for the first time, reveals the impact of a preembedded axial field on the evolution of the current distribution driven by a pulsed-power generator. The measurements show that the azimuthal magnetic field in the imploding plasma, even in the presence of a weak axial magnetic field, is substantially smaller than expected from the ratio of the driving current to the plasma radius. Much of the current flows at large radii through a slowly imploding, low-density plasma. Previously unpredicted observations in higher-power imploding-magnetized-plasma experiments, including recent, unexplained structures observed in the magnetized liner inertial fusion experiment, may be explained by the present discovery. The development of a force-free current configuration is suggested to explain this phenomenon. DOI: 10.1103/PhysRevLett.122.045001 Compression of magnetic flux and magnetized plasma is a fundamental problem manifested in a variety of conducting fluid phenomena in laboratory plasmas and astrophysics [1] [2] [3] [4] [5] . Recently, this subject has gained particular interest due to the advances in producing plasmas of high temperature and density for fusion purposes, based on the approach of magnetized plasma compression [3, 6] . These advances follow three decades of experimental [7] [8] [9] [10] [11] [12] [13] [14] and theoretical [15, 16] research. Some of the magnetizedplasma implosion experiments [7, 8, 11, [17] [18] [19] reveal new and unpredicted phenomena, yet to be fully understood, which dramatically differ from those observed in implosion experiments without a preembedded axial magnetic field. These include significant changes in the plasma dynamics and radiation emission properties, specifically, (i) the formation of helical structures [17, 18] , (ii) larger than predicted implosion time and plasma radius at stagnation [18, 19] accompanied by strong mitigation of instabilities [11, 18] , and (iii) reduction of the continuum [7, 8] and K-shell emission [11] . In order to advance the concept of magnetized plasma compression, it is essential to understand the governing mechanisms of these phenomena.
The fundamental physics of the magnetic field distribution in a plasma implosion with a preembedded magnetic field is investigated within a gas-puff Z pinch. Time and space resolved spectroscopy of the polarized Zeeman effect, applied for the first time, reveals the impact of a preembedded axial field on the evolution of the current distribution driven by a pulsed-power generator. The measurements show that the azimuthal magnetic field in the imploding plasma, even in the presence of a weak axial magnetic field, is substantially smaller than expected from the ratio of the driving current to the plasma radius. Much of the current flows at large radii through a slowly imploding, low-density plasma. Previously unpredicted observations in higher-power imploding-magnetized-plasma experiments, including recent, unexplained structures observed in the magnetized liner inertial fusion experiment, may be explained by the present discovery. The development of a force-free current configuration is suggested to explain this phenomenon.
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Compression of magnetic flux and magnetized plasma is a fundamental problem manifested in a variety of conducting fluid phenomena in laboratory plasmas and astrophysics [1] [2] [3] [4] [5] . Recently, this subject has gained particular interest due to the advances in producing plasmas of high temperature and density for fusion purposes, based on the approach of magnetized plasma compression [3, 6] . These advances follow three decades of experimental [7] [8] [9] [10] [11] [12] [13] [14] and theoretical [15, 16] research. Some of the magnetizedplasma implosion experiments [7, 8, 11, [17] [18] [19] reveal new and unpredicted phenomena, yet to be fully understood, which dramatically differ from those observed in implosion experiments without a preembedded axial magnetic field. These include significant changes in the plasma dynamics and radiation emission properties, specifically, (i) the formation of helical structures [17, 18] , (ii) larger than predicted implosion time and plasma radius at stagnation [18, 19] accompanied by strong mitigation of instabilities [11, 18] , and (iii) reduction of the continuum [7, 8] and K-shell emission [11] . In order to advance the concept of magnetized plasma compression, it is essential to understand the governing mechanisms of these phenomena.
A key parameter for the understanding of the physics occurring during the implosion and at stagnation is the compressing azimuthal magnetic field (B θ ). Knowledge of the magnetic field is required for inferring the current distribution, the magnetic field diffusion, the energy balance, and for comparisons with simulations. However, reliable experimental data on the B-field distribution in Z pinches are scarce due to the high electron densities, high ion velocities, and transient nature of the plasma, which make measurements of B fields in such plasmas rather difficult. We note a few examples of such spectroscopic measurements in gas-puff Z pinches [20] [21] [22] , and measurements based on Faraday rotation in wire-array Z pinches [23] .
Here, we present an experimental determination of B θ throughout the magnetized plasma implosion, achieved using a noninvasive spectroscopic technique that provides a high sensitivity for the Zeeman effect [24] . This technique is based on the polarization properties of the Zeeman components for light emission viewed parallel to the B field, as described in Refs. [25] [26] [27] [28] , and recently implemented for Z-pinch implosions [22] . These measurements showed that the application of an initial axial magnetic field (B z0 ) has a significant effect on the current distribution in the plasma: a large part of the current does not flow in the imploding plasma, rather it flows through a low-density plasma (LDP) residing at large radii (here, by "current distribution" we mean the partition of the total current between the flow in the imploding plasma and the LDP). We believe that these findings are of general nature and can explain various unexplained phenomena mentioned above.
We note that previous measurements in classical Z pinches have indicated that during the stagnation some of the current is carried by an imploding trailing plasma [23, 29] .
However, here we show a completely different phenomenon that is directly related to the presence of an applied B z .
In our configuration [ Fig. 1(a) ], a cylindrical argon gaspuff shell (initial radius 19 mm and mass 30 μg=cm, as determined by interferometry), containing a preembedded, quasistatic axial magnetic flux (B z0 ≤ 0.4 T), prefills the anode-cathode gap (10 mm). Subsequently, a pulsed current (rising to 300 kA in 1.6 μs) is driven through the gas, ionizes it, and generates an azimuthal magnetic field that compresses the plasma radially inward together with the embedded B z field. B z0 is generated by a pair of Helmholtz coils (HC) carrying a long current pulse (∼5 ms) to allow for the diffusion of B z0 into the anode-cathode gap.
As shown in Fig. 1(a) , the imploding plasma column is radially observed. The collected light passes through a quarter-wave plate that transforms the circularly polarized σ þ and σ − components into orthogonal linear polarizations that are subsequently split using a polarizing beam splitter. Each of the two polarizations is then imaged on a separate linear array of 50 optical fibers. The two ends of the fiber arrays are imaged along the entrance slit of a high-resolution (0.3 Å), imaging spectrometer; its output coupled to a gated (10 ns) intensified charge-coupled device (ICCD). This setup allows for a simultaneous recording of the two polarization components, emitted from exactly the same plasma volume, on different parts of a single detector, with a spatial resolution of 0.3 mm in the radial and axial directions.
Here, for the determination of B θ , we use the σ þ and σ
−
Zeeman components of the Ar III ð 4 SÞ4s Fig. 2(a) ] by integrating the data over Δy ¼ 0.3 mm at the outermost y of the plasma, along with their best fits. r imp is defined at 20% of the peak emission after inverse Abel transform of the Ar III line intensity distribution (the Ar III line is optically thin and 2D images confirm that the plasma posses cylindrical symmetry). For ⃗ B ¼ B θθ , using the emission from the outermost plasma radii ensures that the line of sight is parallel to ⃗ B. It was verified, using visible 2D imaging, that the outermost radii of the imploding plasma and of the Ar III emission coincide.
Since the Zeeman splitting within each of the σ components is small (≤0.025 Å for B ¼ 1 T), each of the σ þ and σ − line shapes is fitted with a Voigt profile, where the Gaussian part accounts for instrumental and Doppler broadening, and the Lorentzian part is due to the Stark broadening. B θ is then extracted from the wavelength difference between the peaks (Δλ) of the best fits [where Fig. 2 are chosen such that, at the time of their recording, the outer plasma radius is similar (r imp ≈ 7.8 mm for B z0 ¼ 0, and r imp ≈ 7.2 mm for B z0 ¼ 0.4 T). For these conditions, and assuming the entire current is flowing through the imploding plasma, we expect that B θ would be lower for the case of B z0 ¼ 0, due to the significantly smaller current measured by the B-dot probe at the time of the spectra recording [∼195 kA for B z0 ¼ 0, ∼270 kA for B z0 ¼ 0.4 T, as seen from Fig. 1(b) ]. However, while the measured B θ in the case of B z0 ¼ 0 is B θ ≅ 5 T, as expected, in the case of B z0 ¼ 0.4 T, the measured B θ ≅ 2.1 T is much lower than expected from Ampere's law. Considering the fact that, in implosions with axial B field, the total ⃗ B might be not parallel to our line of sight, the calculations show that the true B θ is even lower than 2.1 T. Figure 3(a) shows the measurements of B θ at the plasma outer radius for B z0 ¼ 0, 0.1, 0.2, and 0.4 T, together with B θ expected, calculated by assuming the entire measured circuit current flows within the plasma radius (B θ ¼ μ 0 I=2πr imp ). We note that each data point is obtained from a separate shot, and that different sets of shots have shown that the results were reproducible to within the error bars indicated. For B z0 ¼ 0, B θ measured shows that the entire current flows within the imploding shell. On the other hand, for B z0 > 0, B θ measured differs significantly from B θ expected. This phenomenon is observed over the entire anode-cathode gap (see Supplemental Material [30] ). This shows that the application of B z significantly affects the current distribution in the plasma, such that only part of the current flows through the imploding plasma. Furthermore, it is seen that the fraction of the total current that flows in the imploding plasma decreases with B z0 . Additionally, Fig. 3(c) shows that for B z0 ¼ 0.4 T the current within the imploding plasma drops with time. Before we discuss the implications of these measurements on the plasma dynamics, we first show that the missing current flows in a low-density plasma (LDP) residing at radii larger than that of the imploding plasma.
To this end, plasmas were searched for up to the vacuum chamber wall using 2D and spectral imaging (see Supplemental Material [30] ). These measurements revealed the existence of plasma at 20 ≲ r ≲ 27 mm, which consists of argon, carbon, and hydrogen ions (10 16 ≲n e ≲10 17 cm −3 from Stark broadening, T e ∼ 4-6.5 eV from line intensities). B θ measurements at the outer radius of this LDP, using Zeeman splitting of the C IV 3s − 3p transition (λ ¼ 5801 Å) are presented in Fig. 3(b) . It shows that the current flowing within ≲27 mm accounts for nearly the entire current measured by the B dot [see Fig. 3(c) ], providing a definite answer for the missing current in the imploding plasma.
It is emphasized that the LDP is also observed when B z0 ¼ 0. However, its n e and T e remain low throughout the implosion (n e ≲ 10 16 cm −3 , T e ≤ 2 eV), consistent with the absence of current flow there. It is only in the presence of B z0 > 0 that the LDP carries a significant part of the current.
It can be further seen in Fig. 3 that the ratio of I LDP to the imploding plasma current rises with time. This is explained by the rise of the imploding plasma impedance due to the increase of dðLIÞ=dt and resistance (plasma cross section is decreasing, but its resistivity, inferred from T e measurements, is nearly constant), whereas the LDP impedance remains almost constant [this explains the difference between the current traces shown in Fig. 1(b) ]. We note that I LDP may be also limited by ion acoustic turbulence (IAT) [31] , which for the LDP parameters limits I LDP to ∼100-200 kA.
The present measurements demonstrate that, in the presence of B z , much of the current flows at large radii in a slowly imploding, low-density plasma. Here, we show that these findings can explain the unpredicted and unexplained phenomena observed in previous studies of B z compression [7] [8] [9] 11, [17] [18] [19] 32, 33] PHYSICAL REVIEW LETTERS 122, 045001 (2019) 045001-3 significantly slows down the plasma implosion and increases the final stagnation radius [18, 19] , while simulations using the NRL 1D radiation-MHD code [34] predict that the B z counterpressure is too low to have such significant impact on the plasma dynamics. In our experiment, the implosion time for B z0 ¼ 0.4 T is ∼35% longer than for B z0 ¼ 0, while simulations, assuming the entire current flows in the imploding plasma, predict an implosion longer by only ∼2%.
(ii) A very small B z0 ¼ 0.28 T relative to the B θ generated by the discharge current, practically eliminates the x-ray yield in the experiment on the 2.5-MA GIT-12 generator [11] . (iii) A relative very small B z0 ¼ 0.1-0.2 T significantly stabilizes the implosion and stagnation in our experiment [18] , and in the experiments on the 0.9-MA COBRA [32] and 1-MA ZEBRA facilities [33] .
(iv) Unexpectedly large pitch angle of the helix-like plasma structures is observed in the magnetized liner inertial fusion experiments [17] . Assuming the observed plasma structure is generated at the outer radius of the imploding plasma and is along ⃗ B, a very small pitch angle is expected since B θ ≫ B z0 . We suggest that the large pitch angle is induced by two processes: the reduced fraction of discharge current that flows in the imploding plasma, and an amplification of B z due to an azimuthal current density (j θ ) in the LDP (that might be present outside the liner due to liner evaporation or plasma from electrodes), as explained below. We note that the possibility of current flow in peripheral plasma of the magnetized liner inertial fusion experiment has been already suggested [35] , together with a mechanism, that is different from the one outlined here, to explain the large pitch angle.
The properties of the peripheral plasmas, which might have shunted current from the imploding plasma, are not known in the experiments mentioned above, nor known is the fraction of the current flow outside this plasma. The present Letter demonstrates that such Zeeman-effect measurements might be essential for revealing small fractions (∼10%) of current loss to the LDP, while they cannot be inferred from the plasma implosion time (as commonly done), although such current losses can significantly affect the final stagnating plasma properties.
We suggest a possible explanation of this phenomenon. It is known [36] that plasma in constant and uniform electric ( ⃗ E) and magnetic ( ⃗ B) fields, which are perpendicular (i.e.,
. At this velocity, the effective electric field ⃗ E eff ¼ ⃗ E þ ⃗ v × ⃗ B vanishes, and j z is driven only by spatial gradients of the plasma parameters. For B z0 ¼ 0, the current in the LDP due to the gradients in the plasma properties is very small and the entire current can flow in the imploding plasma. This situation changes when B z0 > 0, since at v drift , ⃗ E eff ≠ 0, allowing current flow in the LDP. This can be seen from the generalized Ohm's law for constant ⃗ E ¼ E zẑ , and
where ⃗ v is the plasma velocity, its evolution is given by ∂ ⃗ v=∂t ¼ ⃗ j × ⃗ B=ρ (ν ei as electron-ion collision frequency, ω ce as electron cyclotron frequency, and η as plasma resistivity). The pressure terms are omitted since, for the LDP conditions, β ∼ 10 −2 -10 −1 . The steady-state solution of Eq. (1) is the force-free current configuration, j z ¼ ðE z =ηÞðB z =BÞ 2 , j θ ¼ ðE z =ηÞB z B θ =B 2 , and v r ¼ v drift , which for the LDP parameters is reached on timescales [36] of τ steady ¼ ν ei =ðω ce ω ci Þ ∼ 10-30 ns (ω ci is ion cyclotron frequency) that is much shorter than the characteristic implosion time (hundreds ns). Note that j θ in the LDP generates an additional B z flux in the LDP and in the imploding plasma.
While the LDP plasma carries a large fraction of the current, no significant inward motion of this plasma is observed. Indeed, by estimating the v drift of the LDP for E z;LDP ∼ 1.5 × 10 4 V=m (using Spitzer resistivity and assuming uniform current distribution for I z;LDP ∼ 200 kA and 20 ≤ r LDP ≤ 27 mm) and B z ∼ B θ ∼ 1 T, yields v drift ∼ 7.5 × 10 5 cm=s that is small compared to the imploding plasma velocity, v imp ≈ 3 × 10 6 cm=s. This discussion does not apply for the imploding plasma since the assumptions of constant ⃗ E and ⃗ B (τ steady ∼ t implosion ∼ 1 μs) and the neglect of the pressure terms are not valid there.
We emphasize that the development of the force-free configuration in LDP is suggested here only as a possibility. To test this explanation requires further measurements, in particular investigation of a B z increase due to possible j θ in the LDP. In addition, three-dimensional modeling that involves processes beyond MHD is required to explain the observed phenomena and to test our hypothesis. Simulations of this kind have been recently published [37, 38] .
As said above, the significant effects of B z0 on the implosion dynamics are due to current loss to the LDP, and thus occur at B z0 values much lower than required for affecting the implosion dynamics, based on the compressed-B z -pressure considerations. The values of B z0 (relative to B θ ) in the various experiments that affect significantly the implosion dynamics require further investigations; it depends on the geometry, the resistivity of the imploding plasma and the LDP, and on the LDP properties relevant to IAT or to the force-free current timescale. For example, in our experiment, it was found that ∼10× reduction of the LDP density, obtained by moving the Helmholtz coils outside of the vacuum chamber, together with a few initial discharges to clean the electrodes from adsorbates, almost eliminated the current conduction through the LDP for B z0 up to 0.3 T, also consistent with IAT estimates. The present results demonstrate that a LDP, which may inevitably be present in high-power systems due to various processes, can affect severely the current
